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Resonances are associated with the trapping of an intermolecular complex, and are charac-
terized by a series of quantum numbers such as the total angular momentum and the parity,
representative of a specific partial wave. Here we show how at cold temperatures the rota-
tional quenching of HF(j=1,2) with H is strongly influenced by the presence of manifolds of
resonances arising from the combination of a single value of the orbital angular momentum
with different total angular momentum values. These resonances give rise up to a two-fold
increase in the thermal rate coefficient at the low temperatures characteristic of the inter-
stellar medium. Our results show that by selecting the relative geometry of the reactants by
alignment of the HF rotational angular momentum, it is possible to decompose the resonance
peak, disentangling the contribution of different total angular momenta to the resonance.
Scattering resonances are pure quantum mechanical ef-
fects that appear whenever the collision energy, Ecoll,
matches the energy of a quasi-bound state of the inter-
molecular complex.1 Unlike other quantum effects, they
can be detected straight from the experiment, for ex-
ample using molecular beams2–5, where they manifest as
local, sharp maxima in either the cross section or angular
distribution of the products.
From a conceptual point of view, resonances are pic-
tured as the result of the trapping of the intermolecular
complex in potential wells after tunneling through the
barrier (shape resonance) due to the presence of quasi-
bound states, or as the excitation to a state of asymp-
totic higher energy, which is stabilized by the potential
well (Feschbach resonance). Indeed, a dense resonance
structure is observed for complex-forming reactions, (see
for example Refs.6–8) where the deep potential well can
stabilize a myriad of quasi-bound states.9
Very recently, Perreault et al. measured the role that
the initial alignment of HD plays in H2+ HD collisions,
which in the cold energy regime, is governed by a res-
onance at around 1 K.10,11 Using quantum mechanical
scattering calculations, it was possible to assign this res-
onance to a single partial wave (L=2)12,13 and, to eluci-
date that, for a particular combination of initial and final
states, this resonance could be controlled, vanishing for
a suitable alignment of the HD internuclear axis.14
In this manuscript, we turn our attention to the FH2
system, one of the most widely studied systems in reac-
tion dynamics both experimentally2,15–20 and computa-
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tionally (see for example refs.21–27). In particular, we will
focus on H+HF inelastic collisions. HF is ubiquitous in
the universe,28,29 and is a key tracer of molecular hydro-
gen in diffuse interstellar medium.30 Here we will show
that, as far as our calculations are concerned, collisions
between H and HF(j=1,2) in the cold energy regime are
dominated by a manifold of resonances, which have a
strong influence in the thermal coefficients for the range
of temperatures relevant to the study of the chemistry
in diffuse interstellar medium. We will also study the
origin of these resonances and show the extent of con-
trol that can be achieved by preparing HF with a given
internuclear axis distribution resulting from the align-
ment of its rotational angular momentum. Strikingly,
our calculations predict that, for a certain alignment of
the HF molecule, it is possible not only to enhance or to
diminish the intensity of the resonance, but also to split
the resonance peak, allowing us to disentangle its various
contributions.
Since the aim of this work is i) the characterization
of the observed resonances, and ii) to elucidate the ex-
tent of control that can be achieved, quantum mechan-
ical (QM) scattering calculations were performed in a
dense grid of collision energies starting at very low en-
ergies, Ecoll/kB <1 mK, and up to 100 K. To get an
accurate description of the dynamics, it was necessary to
propagate the wave-function up to very large distances
(6 ·104 a0), which made convenient to use the atom-rigid
rotor approximation. Calculations were performed using
the ASPIN code31,32 on the LWA-78 Potential Energy
Surface,33 which has been recently used to study H+HF
collisions at higher energies.30 To check the validity of
the atom rigid-rotor approximation, full-dimensional QM
scattering calculations were carried out for a few ener-
gies using the ABC code.34 The agreement between the
two sets of calculations is good (see Fig. S1), although
the atom-rigid rotor calculations underestimates the full-
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FIG. 1. Total and partial integral cross sections for the H + HF(v=0,j=1,2) inelastic collisions as a function of the collision
energy. The total cross section for j=2 → j′=1 (top panels) and j=1 → j′=0 (bottom panels) are shown as solid black lines.
The contributions of each J (left panels) and L (right panels) partial waves to the total cross section are also shown.
dimensional calculations at the highest energies by 20%.
Both sets of calculations show the same overall behavior,
and the main features of the full-dimensional results are
well accounted for by the rigid-rotor calculations.
Figure 1 displays the energy dependence of the ro-
tational quenching cross sections for HF(v=0,j=1,2)+H
collisions in the cold energy regime as function of the
collision energy, σ(Ecoll), in the 1 mK–100 K Ecoll range.
Energies in this range are not sufficient to promote transi-
tions to higher rotational states, and, besides, the proba-
bility for the H exchange channel is negligible.30,35 Hence,
the only possible transitions are j = 1 → j′ = 0,
and j = 2 → j′ = 1, 0. For a given Ecoll, σ(Ecoll)
for j = 1 → j′ = 0 is 3-5 times higher than for
j = 2 → j′ = 1 due to the wider gap between adja-
cent rotational quantum states with increasing j.35 The
Wigner regime for both channels is attained at energies
below 5 mK, where σ(Ecoll) ∝ E−1/2coll .36,37 The respective
L partial cross sections, σL(Ecoll), and J-partial cross
section, σJ(Ecoll), are also shown in Fig. 1. As expected,
at the Wigner regime only the s-wave (L=0, J=j) partial
wave contributes significantly to the cross section. The
corresponding Wigner limit, σL ∝ EL−1/2coll , is also found
for L > 0.38
Most notably is that, at energies above the Wigner
regime, σ(Ecoll) is dominated by a narrow peak located at
around 5 K for the j = 2→ j′ = 1 transition and around
5.5 K for the j = 1 → j′ = 0 transition. At significantly
higher energies, Ecoll ∼ 17 K, a broader albeit smaller
peak shows up. Results for j = 2→ j′ = 0 are shown in
Fig. S2, and although σ(Ecoll) is smaller by at least one
order of magnitude, it features the same resonance peaks
as j = 2 → j′ = 1. From inspection of σL(Ecoll), it is
clear that the sharp resonance peak at 5 mK is exclusively
due to L=3 and that the second broader peak can be
mainly attributed to L=4. Nevertheless, the analysis of
σJ(Ecoll) shows that each peak can be decomposed in a
series of maxima corresponding to different Js and the
same L.
A further analysis can be carried out by plotting the
contributions from the different J to a given L, the double
partial cross sections σL,J(Ecoll), as shown in Fig. 2 for
L=3 near the resonance. For j = 2 → j′ = 1, J =
1− 5 contribute to L=3 (L− j ≤ J ≤ L + j), and their
respective σL=3,J(Ecoll) show maxima that are shifted in
a relatively broad range of Ecoll, as shown in Table I.
From these peaks, J=1 and 5 contribute the most to the
overall intensity, while the contributions of J=2 and 3 are
almost negligible. The shifting of the maxima for J=1
and 5 leads to the small shoulder observed in the overall
resonance peak. For the j = 1 → j′ = 0 transition,
only J =2 and mainly J=4 contribute to L=3 (due to
the parity conservation). In this case, the position of the
maxima is very similar and hence there are no shoulders
in the overall σ(Ecoll).
To characterize the nature of the aforementioned res-
onances, 1D adiabatic effective potentials for different
rovibrational states have been calculated as a function
of the atom-diatom distance (see supplementary informa-
tion for further details). Two of them are shown in Fig 3.
The binding character at short distances and the cen-
trifugal barrier are evident in the figure. By tunneling,
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FIG. 2. L=3 partial cross sections for j = 2 → j′ = 1
(top panel) and j = 1 → j′ = 0 (bottom panel). The
white area correspond to the total cross section for L=3,
σL=3(Ecoll), while the solid lines indicate the contribution
of each J , σL,J(Ecoll). The positions of the resonance peaks
predicted by the 1D-model are shown as solid vertical lines.
the trapping region is accessible, supporting quasibound
states that give rise to shape resonances. The energies
at which the 1D model predicts the peaks of each (L,J)
resonance are shown in Table I, and in Fig. 2 as vertical
ticks. As can be observed, the agreement between the
energies of the resonances and the maxima of the peaks
is almost perfect, allowing us to attribute these peaks to
shape resonances arising from different combinations of
J and L. The lifetimes and line shapes associated with
each resonance were also calculated using the 1D model
(Fig. 4), and the scattering probabilities. The results are
compared in Table I showing that the lifetimes obtained
with the two methods are in good agreement, with the 1D
model predicting slightly longer lifetimes. The lifetimes
for the L=3 resonances are significantly longer, revealing
that L=3 and L=4 resonances have a different character.
To further clarify the origin of the differences in the
lifetimes of the various J, L resonances, the effective adi-
abatic 1D potentials for the L=3–J=5 and L=4–J=6
particular cases are shown in Fig. 3. Along with the po-
tentials, we show the energy of the quasibound states
supported by these potentials (dashed lines) and the cor-
responding squares of the wavefunctions. For the L=3
peak, the energy of the quasi-bound state lies below the
maximum of the centrifugal barrier, and it can be prop-
erly considered as a shape resonance. However, for the
L=4 peak, the resonance energy lies slightly above the
maximum of the barrier. As a consequence, the proba-
bility is more evenly spread over all radial distances, and
the resonance exhibits a smaller lifetime. This kind of
resonance can thus be characterized as an over-barrier
(or “above-the-barrier”) resonance, the quantum equiva-
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FIG. 3. One-dimensional adiabatic effective intermolecular
potential as a function of the distance between H and the
center-of-mass of HF for two combinations of J and L of the
j = 2 → j′ = 1 transition. The energies corresponding to
the maximum time delay associated with these potentials are
shown as dashed lines, along with the continuum wavefunc-
tions. The shaded area is proportional to the square of the
wavefunction.
L=3
J E (K) τ (ps) E (K) 1D τ (ps) 1D
1 3.9 11.3 4.0 14.0
2 5.5 4.4 5.6 5.2
3 7.1 2.4 7.3 2.6
4 7.0 2.6 7.0 2.8
5 5.1 4.9 5.1 6.8
L=4
6 16.2 0.90 16.3 1.0
TABLE I. Energy (Ecoll) and lifetimes, τ , of each of the man-
ifold of resonances for L=3 and L=4 of the j = 2 → j′ = 1
transition. The second and third columns are, respectively,
the energies of the resonance peaks and the lifetimes obtained
form the Lorentzian profiles of the collision probabilities after
substraction of the scattering background. The fourth and
fifth columns are the respective data obtained by applying
the 1D model described in the Supplementary information.
lent to classical-orbiting5.
In Ref. 14 it was found that the strength of the res-
onance peak can be tuned by alignment of rotational
angular momentum and hence by changing the internu-
clear axis distribution. To check if it is also the case
for H+HF collisions, we have used the procedure out-
lined in Refs. 39–42 to investigate how the integral cross
sections change by varying the angle β between the po-
larization vector of the radiation field, used to prepare
the HF molecule in specific rovibrational states, and the
initial relative velocity vector. Each β value entails a
distribution of internuclear axis: if β=0◦ collisions are
preferentially head-on, while β=90◦ implies a side-on ge-
ometry. The respective cross sections will be denoted by
σβ(Ecoll). These preparations can be contrasted with the
“isotropic” distribution, with no external alignment.
The left panels in Fig 5 display the cross sections for
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FIG. 4. tdelay(E) as a function of the collision energy for
L=3 manifold of resonances for j = 2 → j′ = 1 transition.
tdelay(E) for L=4 and J=6 is also shown for the sake of com-
parison. The insert shows a blow-up of the energy range where
the L = 3 resonances show up.
j = 2 → j′ = 1 (Fig. 5-a) and j = 1 → j′ = 0 (Fig. 5-b)
in the vicinity of the L=3 resonance for isotropic dis-
tribution, β=0◦ and β=90◦. For j = 2 → j′ = 1 (a)
the L=3 resonance is significantly enhanced for head-on
(β=0◦) encounters while its intensity decreases for side-
on encounters. Outside the resonance region, the effect
of a preferential alignment is unimportant. The most
interesting feature is that the β=0 alignment is able to
disentangle the peaks for J=1 and J=5; the contribu-
tion of J=1, which in the isotropic case manifests as a
shoulder in the L=3 resonance, is enhanced to the point
of splitting the original peak in two. Since β=0 implies
collisions with Ω=0 exclusively, where Ω is the projection
of the total angular momentum vector onto the relative
velocity, this implies that the J=1 partial wave has a
strong component of the perpendicular projection. For
j = 1 → j′ = 0 (Fig. 5-b) the cross-section is also en-
hanced for β=0, and this effect is particularly prominent
at the resonance. In addition, the preference for head-on
collisions is observed in a broad range of Ecoll. In this
case, the resonance peak does not split for any HF prepa-
ration, as the energies corresponding to the two shape
resonances contributing to this peak are very similar.
These results for both transitions evince that the trap-
ping of the collision complex is more efficient for head-on
collisions.
Figures 5 c-d show the thermal rate coefficients, k(T ),
calculated for the two transitions averaged over the
Maxwell-Boltzmann distribution. In general, it is not
guaranteed that a resonance may influence the rate co-
efficients significantly. However, in the present case, the
resonance has a strong effect on k(T ) in the 1-50 K tem-
perature range, leading to more than a two-fold increase
of k(T ) for j=2→ j′=1 at 5 K. The different intermolec-
ular axis preparations also have a strong effect on the
k(T ) in the same temperature range, with β = 0 encoun-
ters leading to the largest k(T ). It also worth noticing
that, while for j=2 → j′=1 the k(T ) calculated with the
resonance artificially removed rises monotonically with
T , for j=1 → j′=0 it starts decreasing at 40 K, effect
that is even more clear for β=0.
In summary, in this study we have demonstrated that
H + HF inelastic collisions in the 1-10 K (Ecoll/kB) en-
ergy range are dominated by shape resonances, which
are themselves formed by a cluster of resonances, each
of them characterized by orbital and total angular mo-
mentum values. We have shown that a 1-D model, based
on the adiabatic effective potentials, can predict the po-
sition of the each L-J resonance very accurately. Life-
times and line-shapes of each of the resonances were
determined using the phase-shift of the 1D continuum
wavefunctions. In particular, the L=4 resonances exhibit
shorter lifetimes and can be considered orbiting (over-
the-barrier) resonances where the quasi-bound states lie
slightly above the centrifugal barrier. In spite of the rel-
atively large time delays associated to the resonances,
alignment of HF prior the collision changes significantly
both the intensity and shape of the excitation functions,
which also manifest in the thermal rate coefficients. Re-
markably, for j = 2→ j′ = 1, when head-on collisions are
promoted, the main resonance peak splits in two, each of
them associated to collisions with a particular value of
the total angular momentum. These results are in con-
trast to those found for HD + H2 collisions in the cold en-
ergy regime, for which the resonance vanishes for head-on
encounters, showing that the degree of control associated
to the resonance is very sensitive of the topology of the
system. The influence of the resonance persists after the
energy averaging and it leads to up to two-fold increase
of the thermal rate coefficient at relevant temperatures
of the interstellar medium where HF is ubiquitous.
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6I. SUPPLEMENTARY MATERIAL
A. Scattering calculations:
The usual time-independent formulation of the coupled
channel (CC) method is used to solve the Schro¨dinger
equation, in the quantum scattering calculations of an
atom with a diatomic molecule, as implemented in AS-
PIN code.31 The HF molecule in its singlet ground state
is treated as a rigid rotor, while the H atom is considered
structureless. Details of the method have been given be-
fore and discussed recently in detail for the case of the
Rb + OD−/OH− system32 and will not be reported here.
The parameters used for applying the CC method are
chosen for achieving numerical convergence of the final
S-matrix elements. A maximum number of rotational
channels up to jmax = 10 has been included in each CC
calculation, where at least five channels were included as
closed channels for each collision energy, ensuring overall
convergence of the inelastic cross sections. At the lowest
considered collision energies the radial integration was
extended out to Rmax =5 · 104 A˚.
To check the validity of the rigid rotor approximations,
full-dimensional QM calculations were also obtained us-
ing the ABC code.34 Calculations were carried out for
80 energies, up to 150 K, including all partial waves to
convergence. The propagation was carried out in 2000
log-derivative steps up to a hyperradius of 40 a0. The
basis included all the accessible states up to E=3.0 eV.
B. Partial cross sections
The expression of the probability for the j → j′ tran-
sition and for given total, J , and orbital, L, angular mo-
mentum values can be written as:
Pj→j′(J, L) =
∑
L′
∑

|SJv′,j′L′ v,j,L|2, (1)
where SJv′,j′L′ v,j,L is the scattering matrix element for
the process between the reactant channel (v, j, L) and
the product channel (v′, j′, L′), for J and the parity  =
(−1)(j+L) = (−1)(j′+L′). In Eq. (1), the sums run over
the possible values of the final orbital angular momentum
L′, and the parity  .
for a given value of the collision energy, the double
partial cross section is given by
σJ,Lj→j′ =
pi
k2
2J + 1
2j + 1
Pj→j′(J, L) (2)
If summed over J one gets the J partial cross section:
L+j∑
J=|L−j|
σJ,Lj→j′ =
pi
k2
L+j∑
J=|L−j|
2J + 1
2j + 1
Pj→j′(J, L) = σLj→j′
(3)
Alternatively, by summing over L, the J partial cross
section is retrieved:
J+j∑
L=|J−j|
σJ,Lj→j′ =
pi
k2
2J + 1
2j + 1
J+j∑
L=|J−j|
Pj→j′(J, L) = σJj→j′
(4)
C. 1D-model:
To understand the nature of the peaks observed in
the cross-sections, and confirm their resonant nature, we
have used a simple, essentially elastic, one-dimensional
model. It is based on the calculation of 1D adiabatic po-
tentials, to describe the effective interaction felt by the di-
atom when it gets close to the H atom. It is convenient to
use (R, r, γ) Jacobi coordinates to describe the scattering
process: R is the distance between H and the centre-of-
mass of HF, r the HF internuclear distance (kept fixed in
the rigid rotor approximation) and γ the angle between
R and r. The potentials, which depend on the initial
quantum numbers of the colliding partners, have been
calculated by adiabatically separating γ from R. For a
given value of R, the matrix elements of all the terms in
the rigid-rotor Hamiltonian, except for the radial collision
kinetic energy, are calculated in a basis of reactant chan-
nels, labeled by the set of quantum numbers (J,M, j, L)
and the parity . Only states with the same values of
J,M and  are coupled. This way, we diagonalize the
block matrix corresponding to each pair (J, ) (M be-
ing irrelevant) including as many different js and Ls as
needed for convergence.43 The resulting potentials,each
of them correlating with a particular set of initial quan-
tum numbers, support quasibound states, whose energies
lie very close to the observed peaks.
To predict the approximate position, E0, and the
width, Γ, of the resonances, we calculate the time-delay
function, tdelay(E). The time-delay is (in our context) a
measurement of the time that the internuclear complex is
trapped in the potential well. It can be calculated from
the phase-shift of the 1D continuum wavefunction using
the expression:44,45
tdelay(E) = 2~(dφ/dE), (5)
The time-delay functions provided by the 1D model
are depicted in Fig.4. It is interesting to note their
Lorentzian character. Indeed, in the absence of back-
ground, the time-delay has a pure Lorentzian line-shape
centered precisely at E0,
46,47
tdelay(E) = ~Γ/[(E − E0)2 + (Γ/2)2] (6)
where Γ is the FWHM of the line-shape. Accordingly, Γ
and tdelay(E0) are related as:
tdelay(E0) =
4~
Γ
, (7)
Finally, the lifetime of the resonance (average time delay)
is given by:46
τ =
~
Γ
=
tdelay(E0)
4
. (8)
These Eqs. would allow to calculate the features of a
resonance starting from the time-delay functions in the
absence of background scattering. However, in the pres-
ence of background scattering (as it is the case), we need
to modify somewhat the fitting function. Assuming a
background phase-shift which changes linearly with en-
ergy around E0 (δback(E) = b + a(E − E0)), the maxi-
mum of the total time-delay will still provide E0. In turn,
7once E0 is known, the width can be determined fitting
the time-delay to the analytical expression:
tdelay(E) = a+ ~Γ/[(E − E0)2 + (Γ/2)2] (9)
The resulting positions and widths predicted by the 1D
model are shown in Table I of the main text. They have
been compared with those extracted from the full scat-
tering calculation. Assuming a contribution up to first
order in (E −E0) from the background scattering to the
S-matrix elements,4 we have used the following function
to fit the L-J inelastic probabilities:
P (E) = P3[(E − E0)]/[(E − E0)2 + (Γ/2)2] (10)
where P3[(E − E0)] is a third degree polynomial in the
variable (E − E0), whose unknown coefficients are also
given by the fitting process.
Let us finally note that, as can be easily conclude from
the data in Table I, the lifetimes provided by the 1D-
model are an upper bound to the full-scattering ones.
Indeed, the adiabatic Hamiltonian suppresses the kinetic
couplings between different adiabatic curves. A reso-
nance supported by one of this curves, can only decay
by tunneling through the centrifugal barrier. However,
under the exact Hamiltonian, resonances are coupled to
other adiabatic states; hence there is an alternative mech-
anism of decay, which is expected to disminish the life-
time.
D. Alignment-dependent cross sections:
Let us define a scattering frame with the z axis along
the initial relative velocity and the xz plane as the one
determined by the initial and final relative velocities. Let
us note with β the polar angle that specifies the direction
of the polarization vector in the scattering frame. Fol-
lowing Ref. 41, the cross sections for a given β, is given
by:
σβ = σiso
2j∑
k
(2k + 1)s
(k)
0 Pk(cosβ)A
(k)
0 (11)
where σiso is the unpolarized cross section, Pk(cosβ) are
the Legendre polynomials, and s
(k)
0 and A
(k)
0 are the in-
trinsic and extrinsic polarization parameters. The latter
is a geometrical factor that, for optical pumping, is given
by the 〈j0, k0|j0〉 Clebsch-Gordan coefficient. The s(k)0
polarization parameters can be calculated from the S-
matrix as:42
s
(k)
0 =
pi
σiso k2
∑
J
∑
Ω′,Ω
(2J + 1)|SJj′,Ω′,j,Ω|2〈jΩ, k0|jΩ〉
(12)
where Ω and Ω′ are the helicities, i.e., the projections
of J on the directions of the reactant’s approach and
the product’s recoil, respectively. β=0◦ (which is equiva-
lent to Ω = 0) collisions are preferentially head-on, while
β=90◦ implies side-on encounters.
The values of σβ (β = 0◦, β = 90◦) relative to σiso are
shown in Fig. S3 for the three transitions considered in
this work, and in a wide range of collision energies. At
the lowest energies, close to the Wigner limit, σβ is inde-
pendent on the preparation.14,48 In the vicinity of the res-
onance, head-on collisions prevail while at energies above
200 K side-on arrangements lead to higher cross sections.
The preponderance of the β = 0◦ preparation in the cold
regime for the j = 1, 2 → j′ = 0 transitions (upper pan-
els of Fig. S3) stems from the fact that for j′ =0 there
is only one possible parity, (−1)J , which includes Ω = 0,
and hence the weight of this projection is higher than
that when the two parities contribute to scattering (the
(−1)J+1 parity does not include Ω=0), as is the case for
the j = 2→ j′ = 1 transition. At energies above the 100-
300 K side-on collisions are preferred, as expected from
classical arguments.
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